Comparative mapping within the tribe Andropogoneae has recently progressed with the development of mapped maize genomic probes that can be used for sorghum and sugar cane genomes. In the present study, data from previous reports were used to locate various linkage groups of sugar cane and sorghum on the genomic map of maize. Syntenic genome regions in the three plants were determined according to existing bridge-loci. The distribution of these synteny clusters closely matched the duplication pattern in maize. In several cases, the two arms of a single maize chromosome corresponded to at least two synteny clusters. There seem to be common chromosome rearrangements between maize and sugar cane and between maize and sorghum. In this respect, sugar cane and sorghum appear to be more closely related than either one with maize. A more detailed analysis of two synteny clusters was undertaken using recent sugar cane data to compare gene orders and recombination rates of the three plants. The three genomes showed colinearity in these regions. Distances between genes were similar in maize and sorghum, whereas sugar cane tended to display less recombination, at least in the varietal progeny investigated.
Introduction
Sugar cane is the main sugar-producing crop. It is a member of the tribe Andropogoneae like maize and sorghum, two important cereal crops which have received much attention from molecular geneticists. Sugar cane belongs to the genus Saccharum, which appears to include only highly polyploid species.
Modern varieties are mainly derived from interspecific hybridization between the sugar producing species, S. officinarum, and the wild species, S. spontaneum.
These selected varieties are aneuploids with chromosome numbers typically in the 100-125 range with about 5-10 per cent contributed by the wild-type.
Molecular genetic markers cannot be applied to sugar cane as they are to most other plants owing to the high ploidy level of this crop. Linkage between two loci can only be determined with, for both loci, a 'single dose restriction fragment' (SDRF), i.e. a fragment corresponding to an allele present oniy once per *Correspondence 500 genome, which would therefore segregate as a monogenic marker (Wu et a!., 1992) . Such markers were found sufficiently often in progeny of a S. spontaneum clone to build a first molecular map for the Saccharum genus (Al-Janabi et at., 1993; Da Silva et at., 1993) . In sugar cane varieties, many SDRFs would be markers from the S. spontaneum genome fraction because of the strong molecular differentiation between S. spontaneum and S. officinarum, and the greater allelic diversity occurring at each locus in S. spontaneum compared to S. officinarum (Glaszmann et al., 1989; Eksomtramage et at., 1992; Lu et at., in press ). Segregation of this fraction has thus been monitored in a self progeny of a modern variety (D'Hont et at., 1994) .
Comparative mapping using a diploid relative can help define the complex polyploid nature of species such as sugar cane. D 'Hont et a!. (1994) used maize DNA probes and revealed a large degree of synteny between markers mapping in maize and sugar cane, although a much lower recombination rate was observed in sugar cane. Nevertheless, gene orders of the two species could not be compared due to the small COMPARATIVE MAPPING IN THE ANDROPOGONEAE 501 population of the progeny studied and the almost complete absence of recombination between the linked markers.
Similarly, comparative mapping of the sorghum genome using maize probes (Hulbert et al., 1990; Binelli et a!., 1992; Whitkus et al., 1992; Melake Berhan et al., 1993) revealed a large degree of synteny, but there were several instances of chromosomal rearrangements.
In this paper, we generally compare the three crops by pooling information obtained from various published studies. We also obtain a more accurate comparison for specific regions of the genome by using a larger population of self progeny from a sugar cane variety, which permit investigation of gene order and map distances in this species.
Materials and methods
Comparison of sugar cane, maize and sorghum maps on the basis of published data
Our earlier study comparing sugar cane and maize linkage groups and two studies comparing sorghum and maize genomic maps (Whitkus etal., 1992; Melake Berhan et al., 1993 ) involved a number of common maize probes.
In the present study, we attempted a three-way comparison based on information obtained from these studies. The aim was to identify putative syntenic regions between the three species, that we termed 'synteny clusters' (SC). Putative SCs were first identified on the basis of 'bridge-loci' shared between linkage groups in sugar cane and sorghum (Fig. 1 ). We selected cases in which bridge-loci linked in sugar cane were also linked in sorghum, or belonged to two linkage groups sharing at least one common probe as determined in the two sorghum studies. The loci belonging to the respective linkage groups in the two plants were thus tentatively considered to be members of a single SC. We then studied the distribution of these SCs along maize chromosomes. was undertaken to determine the gene order and to estimate the average map distances.
Results
Tentative synteny clusters and their distribution along maize chromosomes
Thirty-seven probes were involved in sugar cane linkage groups (34 from the study of D'Hont et al. (1994) , plus UMC1O9, UMC113 and BNLO5.04 from the present study). Among these, 20 had also been mapped in sorghum (Whitkus et al., 1992; Melake Berhan et al., 1993) and allowed determination of possible homoeology relationships (Table 1) . One hundred and nineteen probes/isozyme loci belonging to putative sorghum and sugar cane SCs were thus located on the maize genome map for comparison (Fig. 2). The principles mentioned earlier and applied for drawing up Table 1 led to tentative grouping into seven synteny clusters (SCs), named after the corresponding sugar cane linkage groups.
The overall pattern (Fig. 2 ) calls for the following remarks.
(1) Most of the tentative SCs included many loci belonging to the same maize linkage group. However, many tentative SCs had loci which mapped onto two different maize chromosomes. In both crops this applied to maize chromosomes 1 and 9, 1 and 5, 2 and 7, 2 and 10, 3 and 8, 6 and 9 and to a lesser extent 4 and 5. The ambivalent localization of these SCs agrees with the duplicated clusters of genes described by Helentjaris et al. (1988) and Dowty & Helentjaris (1992) in the maize genome. The tentative SCs thus seemed to be valid in maize, but several versions coexist in this plant due to the extent of duplication.
(2) The distribution indicated a number of cases in which a single maize chromosome could correspond to at least two distinct SCs. This was the case for chromosomes 1, 2, 5 and 9, for which these distinct SCs seem to span distinct chromosome arms, suggesting that there are large chromosome rearrangements in the maize genome as compared to those of sorghum and sugarcane. Several facts support this inference:
-in the two studies on sorghum (Whitkus et al., 1992; Melake Berhan et al., 1993) , selected probes were used to obtain continuous genomic coverage of the maize map; hence there is little chance that gaps occur in regions where the sorghum map is syntenic with that of maize; -the study on sugar cane showed little recombination within known sugar cane linkage groups; hence it is quite unlikely that two regions on a single sugar cane chromosome could be independent; -the distributions of sorghum and sugar cane linkage groups were in close agreement. Large chromosome rearrangements therefore probably played a significant role in the genomic evolution of the three species considered and sugar cane seems more closely related to sorghum than to maize in this respect. Table 1 not involved in a cosegregation group. The 34 others were scattered into nine groups (Fig. 3 ) of two to six markers each, varying in length from 0 to 22 cM. The distances between two given adjacent loci varied from one group to another but never exceeded 11 cM. In some cases (groups D4, D6, D7 and D9) the marker order was not clear (hatched boxes in Fig. 3) , with the most likely order being less than ten times more likely than the next. Nevertheless, there was no inconsistency in marker order between groups. The composite map indicated the relative order of all loci but two, BNL8.39 and UMC137.
Synteny cluster H. Eight markers out of 15 were linked, making three cosegregation groups of three, three and two markers, respectively. Gene orders were consistent in the first two groups. On the composite map, the position of BNL5.04 could not be determined since this probe was only involved in one cosegregation group of two markers.
Comparison with maize and sorghum Synteny cluster D. The five probes mapping maize chromosome 7L were arranged in the same order in maize and sugar cane (Fig. 4) . The position of UCM4 Burr and Burr, 1991; Burr, pers. comm.; Gardiner eta!., 1993) of probes involved in the synteny clusters defined in Table 1 . Probes are represented by squares or horizontal rectangles whose background is indicative of the synteny cluster. Probes with two backgrounds (rectangles) belong to two clusters. Involvement in a sugar cane linkage group is indicated on the left side of the chromosome, involvement in a sorghum linkage group on the right. Correspondences between backgrounds and clusters are given at the bottom of the figure (SC for sugar cane and synteny cluster, S for sorghum, W for Whitkus eta!., 1992 , M for Melake Berhan eta!., 1993 . Duplicated regions within the maize genome are indicated in brackets (Dowty and Helentjaris, 1992) . Note that the centromere locations are approximate.
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Linkage group D Synteny cluster H. The position of UMC1O9 was found to be inverted in maize as compared to sugar cane and sorghum. The location of UMC81, BNL5.10 and UMC1 14 in the maize map suggested that the locus order is probably the same in sugar cane and sorghum. It would be of no interest to compare distances between probes UMC 109 and UMC8 1 since there is probably an inversion breaking point between these probes in maize as compared to sorghum and sugar cane. The distance between UMC 109 and UMC 113 was around 15 cM for the three species.
Discussion
Synteny is a major feature demonstrated by molecular mapping of plant genomes (Moore et at., 1993; Bennetzen & Freeling, 1993) . It was first described in the Solanaceae (Bonierbale et al., 1988) and the Triticeae (Sharp et a!., 1988) , and has helped to point out bridges between more distantly related species such as maize, rice and wheat . There have been significant advances in the Andropogoneae tribe with mapping comparisons between maize and sorghum. The former has become a model crop in many respects and the latter, thanks to its smaller genome size, is now receiving much attention in the application of molecular tools to breeding. Our comparative mapping results now add the related genus Saccharum.
Saccha rum may include several polyploid series with different base numbers, given the distribution of chromosome numbers in spontaneous forms of different recognized species in this genus (Sreenivasan et a!., 1987 Fig. 4 Comparison of loci order and recombination rates among sugar cane (composite map, Fig. 2 ), maize and sorghum (Melake Berhan eta!., 1993-group B; Whitkus eta!., 1992-groups D and J) in synteny clusters D and H. Loci that are not involved in sugar cane linkage groups appear in italics. Two references are given for each maize chromosomal segment (CHR. 2, Helentjaris, pers. comm., *Gardiner eta!., 1993; CHR. 7, Burr and Burr, 1991, *Helentjaris, pers. comm.; CUR. 9, Gardiner er a!., 1993, *Burr and Burr, 1991) . The first one gives the source of the base map, the second gives the source through which loci with an * were added.
tively narrow group of the Andropogoneae. Although differences in basic chromosome numbers within a genus can be due to events such as centric fusion, fissions or whole chromosome duplications (Quiros et a!., 1987; Saideswara et al., 1989; Raina, 1990) The case of probes UMC4 and UMC137 illustrates the probable rapid molecular evolution within the maize genome subsequent to duplication. Although these probes were found to fall within a cluster of loci on the maize 2L chromosome arm which is known to be duplicated on chromsome 7L, they do not seem to map the latter portion, probably due to loss of homology. This also applies for probes BNL4.24, BNL8.39, BNL8.44, BNL15.21 and BNL16.06 which do not map maize chromosome arm 2L. The DNA sequences corresponding to sugar cane and sorghum linkage groups could therefore be closer to the common ancestral sequence than those found in maize.
Synteny cluster H showed an inversion on maize chromosome 9L as compared to the sorghum and sugar cane counterparts. This has already been discussed by Melake Berhan et al. (1993) , who noted that this inversion differentiates maize from the very closely related teosinte, and thus was probably a quite recent event.
The present study is informative for the analysis of genome evolution in the diversification of grasses.
Within the Andropogoneae, there appears to be a high degree of conservation in gene composition between the sugar cane and sorghum linkage groups on the one hand and duplicated portions of maize chromosomes on the other. Colinearity was also shown in the two linkage groups investigated for this purpose. These genome structure similarities between the three related species provide a first insight into the organization of the common ancestral genome. Further comparative analysis of chromosomal organization among the Andropogoneae and other grasses could delineate the genome rearrangements that occurred during evolution of the major current crop species. Comparative genome analyses in relation to time should take possible 'accelerations' into account, as seem to have occurred in maize.
